An undescribed species of Microsporidia Balbiani, 1882 was isolated from the muscularis mucosa of the intestinal mucosa of the reared Atlantic bluefin tuna (Thunnus thynnus). Transmission electron microscopy showed that the pyriform unikaryotic microsporidium, measuring 3.6 µm ± 0.08 in length and 1.8 µm ± 0.04 in width (inferred from TEM sections), had two layers of 14-17 coils of polar filament and a robust manubrium of the filament. No developmental stages were observed in xenoma. Phylogenetic analysis of the small subunit rRNA showed closest similarity with Kabatana spp. (88.4%), clustering the microsporidium together in a sister group with K. takedai and Kabatana sp. (JI-2008)/K. newberryi clade. While recognized Kabatana members show ovoid, rounded to pyriform spore, lack of sporophorous vesicle or xenoma, 3-10 coils of polar filament in 1-2 rows and are localized within cytoplasm of trunk muscle, the new species is markedly pyriform, xenoma forming, with many filament coils in 2 rows and parasitizing smooth intestinal muscle. Since morphological features were not typically congruent with any of Kabatana spp. so far described and molecular clustering indicated paraphyletic position within Kabatana clade, we suggest assigning described species to collective group Microsporidia, as Microsporidium milevae sp. nov., until more evidence permits potential formation of the new genus.
Introduction
The monophyletic phylum Microsporidia Balbiani, 1882 appears to be the sister taxon to Fungi (Keeling 2003, Fischer and Palmer 2005) and includes approximately 1300 species of obligate intracellular parasites, mostly of invertebrates and fish. Only recently the phylum has gained broader scientific interest, its members being designated as emerging human pathogens (Larsson 1999) . Although assigned as eukaryotic organisms, they also have some prokaryote-like features in the rRNA organization and sequence, such as absence of the 5.8S rRNA gene, lack of mitochondria and markedly short rRNA (Vossbrinck et al. 1987, Vávra and Larsson 1999) . Their striking ultrastructural features, including an extrusion apparatus that consists of a polar filament and anchoring disk, and is employed in the process of injecting the infective stage into the host cell, have enabled the phylum a broad diversification (Vávra and Larsson 1999, Franzen 2005) . Other peculiarities observed within certain species of Microsporidia, include the ability to form a thin surrounding membrane at an early infection stage (sporophorous vesicle) or to induce hypertrophy of the infected host cell (xenoma) as an adaptation where both entities assume a symbiotic co-existence (Shaw and Kent 1999 , Lom and Dyková 2005 , Ironside 2007 . Their intriguing infection patterns are reflected in the wide diversification of morphological features. Microsporidia identification based solely on morphology and ultrastructure has created entangled taxonomy that has become unsupported by new molecular data (Baker et al. 1994 (Baker et al. , 1995 Lom and Nilsen 2003; Vossbrinck and Debrunner-Vossbrinck 2005) . The main morphological features, like number of nuclei, polar filament coils, and filament thickness, were considered important for the lower levels of classification, while type of nuclear division, number of nuclei in early stages, presence and appearance of sporophorous vesicles or parasitophorous vacuoles, and xenoma formation, were hallmarks for higher classification levels. However, it was postulated that the hierarchy of morphological features as employed in taxonomy as well as their importance, no longer reflects phylogenetic relations of microsporidia genera (Sprague et al. 1992) . Majority of these *Corresponding author: mladineo@izor.hr Ivona Mladineo and Jan Lovy 340 features proved to be unreliable because prone to quick evolutionary changes at the genus, species or population levels, while recently the habitat has been suggested as one of the primary factors affecting microsporidia evolution. Congruent to this, organisms were grouped in five major clades based on their habitat origin, supported both by Neighbor-Joining and Maximum Parsimony Analysis (Vossbrinck and DebrunnerVossbrinck 2005) .
Atlantic bluefin tuna (Thunnus thynnus) is a highly migratory marine scombrid, endemic to the North Atlantic Ocean, Mediterranean and the Black Sea, whose fishery due to heavy exploitation, has been regulated by ICCAT (International Commission for Conservation of Atlantic Tuna) in order to secure a sustainable exploitation. This species represents the most valuable finfish aquaculture product currently recognized, with more than a half of the production world totals concentrated in the Mediterranean Sea and with increasing penning efforts in Mexican waters (Miyake et al. 2003) . Recently a new microsporidium was isolated from the intestinal mucosa of reared Atlantic bluefin tuna (Thunnus thynnus); the xenoma-forming species was preliminarily assigned to Loma or Glugea spp. based on the elliptical to pyriform appearance, although morphological features were not indicative for any known fish Microsporidia (Mladineo 2006) .
In order to clarify the taxonomic position of this new species, we performed TEM on isolated xenoma and sequence analyzes of the small subunit ribosomal rRNA inferred by Neighbor-Joining method.
Materials and methods
Specimen collection: During a large tuna parasitologic study from 2003 till 2006, fish were caught from the wild in waters off Island of Jabuka (43°00`N, 43°05`E), Adriatic Sea, trawled to the farm and fed with mixed fish from small trawling boats, combined with frozen imported herring. Visceral organs were collected from daily juvenile tuna mortalities, harvested fish, or fish suffering mortalities (n = 241, Wt = 37 ± 5 kg) at the facility on the NW part of Island of Brač. Samples of intestine were immediately dissected at the facility and isolated xenoma were fixed in 70% and absolute ethanol, 4% paraformaldehyde or stored in the fridge in filtered seawater. Upon arrival in the laboratory some xenoma were ruptured with fine needles in a drop of filtered seawater and examined with a light microscope under 400 and 1000 × magnification for identification purposes as fresh smears or Giemsa stained. Photographs were taken by Olympus camera C0404 and processed in DP-soft software. Prevalence and abundance of xenoma was determined according to Bush et al. (1997) .
Transmission electron microscopy: Isolated xenoma were fixed in 4% paraformaldehyde and sent to the Atlantic Veterinary College, Charlottetown, PEI, Canada. The tissue was transferred to a 5 ml vial with chilled 2% glutaraldehyde in 0.1 M phosphate buffer and kept at 4°C overnight. The glutaraldehyde was washed away with two changes of 0.1 M phosphate buffer and the tissue was postfixed in 1% osmium tetroxide at room temperature for 1 h. Dehydration was done through ascending series of ethanol, which included two 30 min changes in 50%, 75%, and 95% ethanol and finally through two 1 h changes of 100% ethanol. The tissue was cleared with two 30 min changes of propylene oxide (PO), infiltrated with Spurr's resin and polymerized at 60°C overnight. Semithin (0.5 µm) sections were stained with toluidine blue and examined with a light microscope. Areas that contained microsporidia spores were re-trimmed and ultrathin (90 nm) sections were cut and stained with uranyl acetate and lead citrate. Grids were examined with a Hitachi-7500 transmission electron microscope operated at 80 kV and photographed with an AMT, XR 40 side mount digital camera. Measurements were made on digital images with the AMTv542 software.
DNA isolation and polymerase chain reaction (PCR): For phylogeny analysis, genomic DNA was isolated using the QI-AGEN DNeasy Blood and Tissue Kit (Qiagen). Xenoma fixed in absolute ethanol were ruptured with fine needles, centrifuged and washed five times with ethanol. At the last washing step, the pellet was dried and used for genomic DNA isolation. The fragment of small subunit rRNA (16S rRNA) of ~840 bp was amplified using 0.8 µM of each degenerate primers (forward 5'CACCAGGTTGATYCTGCCTR3' and reverse primer 5'TGTRGTRAICYTCCGYCAAT3') (Mansour et al. 2005 ), 1.75 mM of MgSO 4 , 25 mM of dNTP, 1 unit of Platinum Taq High Fidelity (5 U/µl) (Invitrogen) and 3 ng/µl of template. The amplification profile consisted of initial denaturation for 2 min at 94°C, 5 cycles of denaturation for 30 s each at 94°C, annealing at 48°C and elongation for 30 s at 68°C. This was followed by 30 cycles of denaturation for 30 s each at 93°C, annealing at 51.7°C, elongation for 30 s at 68°C and final extension of 10 min at 68°C.
PCR product cloning and sequencing: The product was purified using QIAquick PCR Purification Kit (Qiagen) and cloned in chemically competent TOP10 vector cells using Invitrogen TOPO TA Cloning Kit. Clones were selected and screened for the insert using T3 and T7 primer set. The purified PCR product was sequenced on an ABI 3100 automatic DNA sequencer (Applied Biosystems), using the ABI PRISM BigDye Terminator Cycle Sequencing Kit, in both directions.
Alignment and phylogenetic analysis: Sequences were aligned with other microsporidia sequences stored in GeneBank (Table II) by Clustal X, implemented in the MEGA 3.1 software, using default parameters. The same tool was used to perform Neighbor-Joining (NJ) analysis, based on pdistance. Reliabilities of phylogenetic relationships were evaluated using non-parametric bootstrap analysis (Felsenstein 1985) with 2.000 replicates for NJ analysis. Bootstrap values exceeding 70 were considered well supported (Hills and Bull 1993) . Sequence was added to Genbank (http://www.ncbi. nlm.nih.gov/Genbank/), and the accession number of sequence obtained in this study is EF990668.
Results
Xenoma prevalence in tuna was 9.9% and abundance 0.14 xenoma per fish.
Light and electron microscopy: Whitish and spherical xenoma measuring 2.1 × 0.8 mm were scattered lengthwise mid intestinal mucosa (Fig. 1) , filled with pyriform mature spores without sporophorous vacuole, measuring 2.45 ± 0.28 × 4.88 ± 0.31 µm (unfixed, wet mount, n = 30) ( Fig. 2A) . Posterior vacuole occupied one third of the cell with a centrally located mononuclear sporoplasm (Fig. 2B-C) . In some cases (1.8% of xenoma), macro-and microspores were observed; microspores measuring 0.42 × 1.62 µm (Fig. 2D) . No early developmental stages were observed in xenoma, but fiber-like structure and remnants of cellular cytoplasm were present. Xenoma was encapsulated by a thick collagenous layer, embedded in muscularis mucosae of the mid-intestinal mucosa (Fig. 3A-B) . The encapsulation observed by TEM had a mean width of 8.401 ± 0.511 µm (n = 24). Spore mean length, cut in longitudinal section, was 3.605 ± 0.075 µm and 1.815 ± 0.038 µm mean width (n = 30 spores, TEM measurement). Mature unikaryotic spores were pyriform, enveloped by electron-lucent endospore and electron-dense exospore, the later being less thick and often irregular in shape (Fig. 3C) . The spore polar filament was arranged obliquely within the spore and the tilt of the polar filament coil appeared to be around 17 degrees in relation to the longitudinal axis of the spore. The polar filament was arranged most frequently in two layers and contained 12-17 cross sections, with a median of 14 cross sections on each side of the spore (n = 60 spores) (Fig. 3C ). The polar filament was generally isofilar, although the anterior part of the manubrial portion (strait anterior portion) of the polar filament was wider than the coiled portion (insert in Fig. 3C ). The manubrial portion of the filament posterior to the anchoring disc had a mean measurement of 0.175 ± 0.005 µm (n = 24 cross section measurements) and the coiled section of the polar filament had a mean measurement of 0.087 ± 0.001 µm. Anchoring other Kabatana spp., p-distance (number of base difference per site) and disparity index are shown in Table I .
Phylogenetic relationship: Multiple sequence alignment showed that the new isolate belongs to Microsporidia group 3 as defined by Vossbrinck and Debrunner-Vossbrinck (2005) and the specimen forming a branch in the clade with Kabatana takedai and Kabatana sp. JI-2008/K. newberryi sister clade (bootstraping 2000 generations). In general, NJ consensus tree similar to that reported by Vossbrinck and Debrunner-Vossbrinck (2005) , was generated resulting from 2000 bootstrap replicates and had two major, strongly supported branches (Fig. 4) Type species Microsporidium milevae sp. nov.: Spores pyriform, xenoma-forming, 3.605 ± 0.075 × 1.815 ± 0.038 µm in tissue fixed for TEM, no sporophorous vacuole, 12-17 coils of polar filament, arranged in two, occasionally three rows.
Type host: Atlantic bluefin tuna Thunnus thynnus (Linnaeus, 1758).
Type locality: Waters of the Island of Jabuka, Adriatic Sea, Croatia (43°00´N, 43°05´E).
Etymology: Assigned to the collective group Microsporidium, specific name given in honor of Croatian infectologist Mileva Blažević. 
Discussion
This is a first record of xenoma-forming microsporidia in Thunninae species (Munday et al. 2003) , and to our knowledge microsporidian infections have been recorded in other scombrids only once, missing parasite morphological description (Shukhgalter 2004) . The higher clade that includes this new intestinal microsporidium, consists of morphologically heterogeneous gen- (Urawa 1989 , Leiro et al. 2002 . Tuna microsporidium has a distinct pyriform shape and the coils of polar filament are packed in two and occasionally three rows. According to Larsson (1999) , pyriform vertebrate-infecting spores form only four recognized genera; Heterosporis, Microfilum, Microgemma and Neonosemoides. Except Heterosporis, all of them including new species, do not form any distinct spore groups, lack sporophorus vesicle and are unikaryate. However, differences in comparison arise in the localization in host tissue, appearance of the polar filament, number of coils and sporogony or the mode of division. The presence of micro-and macrospores in the xenoma of tuna microsporidium has been observed only in one representative of pyriform microsporidia group (e.g. Heterosporis), although present within phylogenetically distant genera like Pleistophora, Ovipleistophora (Larsson 1999) and Spraguea (Loubès et al. 1979) . Newly isolated species is also particular for the number of coils and rows of the polar filament, and among fish Microsporidia there are rare examples where the filament is coiled in two or occasionally three rows. Glugea vincentianae, infecting subcutaneous tissue of an Australian marine fish, although showing a typical stratified Glugea type of xenoma, has 12-14 coils of isofilar polar filament that sometimes is arranged in 2-3 rows (Vagelli et al. 2005) . Heterosporis anguillarum (formerly Pleistophora anguillarum) has multiple coils (33-46) arranged in one row in the anterior half of spore, and in three rows in the posterior part (Lom et al. 2000) . Gonad-infecting O. mirandella shows 35 coils that are disposed in 2-3 rows (Maurand et al. 1988) , and recently described Myosporidium merluccius shows 6-7 wide anisofilar coils and 5 narrow coils in two rows (Baquero et al. 2005) . These genera, although sharing similarities to the layering of the polar filament, do not share any other morphological features with tuna microsporidium. There is also incongruence in particular morphological features between the new microsporidium and other members of genus Kabatana where it clusters based on partial SSU rRNA gene as a sister taxa. The genus Kabataia was erected by Lom et al. (1999) and shortly afterwards renamed in Kabatana, incorporating three species: type species K. arthuri (former M. arthuri), K. takedai and K. seriolae (former M. seriolae) (Lom et al. 2001) . Unlike M. milevae, main features of this small genus include lack of xenoma or sporophorous vesicle formation, localization in the trunk muscle and diplokarya. However, the genus Kabatana imposed discrepancies in appropriate taxonomic framing with other fish microsporidia from the beginning. Lom and Nilsen (2003) concluded that the grouping of fish-infecting Microsporidia based on molecular data corresponds to the morphological criteria defined by Sprague et al. (1992) for families Pleistophora and Glugeidae, while the families Spragueidae and Tetramicridae cluster together with Kabatana spp., forming a morphologically diverse group. Moreover, Lom et al. (1999) argued that even if it was possible to assign Kabatana to a particular invertebrate genus, no morphologically corresponding genus was defined. Only recently there has been an increase in number of newly isolated Kabatana spp. Likewise, the ovoid K. newberryi was isolated from a tidewater goby (Eucyclogobius newberryi), showing main genus characteristics, but having 9-10 coils in 1-2 rows (McGourty et al. 2007 ). This was followed by two still undescribed Kabatana spp. (JI-2008 and GC-2009 ) isolated from a two-spotted goby (Gobisculus flavescens) (Barber et al. 2009 ) and a mousetail knife fish Gymnorhamphichthys rondoni (Casal et al. 2008 ). While the former shows highest molecular homology with tuna microsporidium, no morphological comparison is feasible since only molecular data were published at this stage, leaving tuna parasite as a morphologically very distinct taxon in Kabatana clade.
In conclusion, because of morphological features not congruent with other described Kabatana members (xenomaforming, unikarya, 14 filaments coils in 2 rows, localization in intestinal smooth muscle, presence of micro-and macrospora), as well as phylogenic discordance with other Kabatana-typical species, we propose inclusion of tuna microsporidium in Microsporidium collective group as Microsporidium milevae sp. nov. Future sequencing of other Kabatana species where morphological description already exists, primarily that of K. arthuri considered as type species, as well as detailed description of morphological features of genus members that have so far been only sequenced, will greatly help in better definition of Kabatana genus and indirectly enable resolving M. milevae position.
